Under the concept of green development, the promotion of ecological sustainable development capability has become an important policy objective of the Chinese government. Based on the three-dimensional ecological footprint model, this paper analyzes the ecological footprint, ecological carrying capacity, and ecological sustainable development capacity of Hunan province from 2005 to 2015. The results show that the total ecological footprint of Hunan increases from 2005 to 2015, in which the forest land ecological footprint accounts for the largest proportion. The ecological footprint depth is always greater than 1, indicating that Hunan has been in a state of ecological deficit; in the context of the distribution, the ecological pressure of Hunan shows a "high in surround while low in central" pattern. The results about the ecological footprint diversity index show that although the ecosystem of Hunan is stability, the level of eco-economic development ability is low. The ecological efficiency represented by GDP per unit of ecological footprint shows that Hunan's ecological efficiency increases with an average rate of 13.12% annually during 2005-2015 because of the improvement of the factor substitution.
Introduction
Humanity's survival and development depend on the ecological environment, but also greatly affect the ecological environment. Since the Industrial Revolution, the large-scale destruction of the natural environment, the continuous deterioration of the relationship between humans, nature, and global warming have aroused great attention of the international community. Sustainable development has become the consensus of the whole society. In recent years, the Chinese government has vigorously promoted the construction of ecological civilization, and proposed to build "the modernization of harmony and symbiosis between man and nature in order to provide more high-quality ecological products to meet the increasing needs of beautiful ecological environment". In December 2017, the Chinese government first published the regional green development index, which is considered as a major measure for the central government to strengthen the construction of ecological civilization and highlight the assessment of sustainable development goals.
The sustainable development of ecological environment needs to take into account the regeneration and substitution ability of natural resources, the circulation and purification ability of life support system and the protection of biodiversity, etc. Therefore, how to quantify the agricultural animal husbandry projects (such as the "hog-biogas-fish" system) [37] , national nature reserves [38] , the ecological footprint of food consumption of residents [39, 40] .
In addition, part of the study also discussed the impact of international trade on the ecological footprint in the context of globalization. Lazarus, et al. [41] illustrated that almost 35% of the carbon Footprint was embodied in international trade. Figge, et al. [42] conclude that the overall index of globalization significantly increases the Ecological Footprint of consumption, exports, and imports. Gao and Tian [43] used the ecological trade deficit to assess the pressure created by the export and import of resources and products.
Although the ecological footprint model has many advantages, it does not distinguish between the stock capital and the flow capital, therefore it cannot show the important role of the stable stock capital to maintain the balance of the ecosystem. Niccolucci, et al. [44] added footprint depth and footprint size based on traditional ecological footprint models to explain the depletion of natural resources and the use of flows at the national and global levels, respectively. So that the ecological footprint model can be developed from two-dimensional to three-dimensional (3D). Fang [45] thought that the 3D model becomes a temporal-spatial approach to better explain the difference between human demand for natural capital flows and stocks, enhanced comparability between either different regions or different generations, and is partly able to avoid excessively conservative estimates. Fang [45] analyzed ecological footprint in China from 1961 to 2006 by using a 3D ecological footprint model, and it is concluded that the footprint depth has almost tripled since 1978 when China entered an ecological deficit era, while the footprint size declined by 11.84%. This presents a huge demand for compensating the lack of natural capital flows through depletion of stocks under the high human induced pressure. Peng, et al. [46] presented a multi-dimensional "ecology-equity-efficiency" framework based on the three-dimensional ecological footprint model to quantify the sustainability of natural capital utilization in Beijing.
Study Area
The object of this study is Hunan province (108 • 47 ~114 • 15 E, 24 • 38 ~30 • 08 N). It is located in the central China, covering 13 prefecture-level cities and one autonomous prefecture ( Figure 1 ). Most of the provincial boundaries are located in the south of Dongting Lake. The Xiangjiang River, the largest river in the province, runs through the north and south of the province. It covers about 21.1836 million hectares, accounting for about 2.2% of the total land area of the whole country; the permanent population is about 68.22 million. In 2015, its GDP was 2.90472 trillion Yuan (RMB), and the per capita GDP reached 42968 Yuan (RMB), which ranked ninth and sixteenth in China respectively [47, 48] .
Geographically speaking, Hunan province is located in the transition zone from Yungui Plateau to Jiangnan Hill and Nanling Mountain to Jianghan Plain. The whole province is surrounded by mountains on three sides of the east, west, and south. The central hills are undulating, and the northern lakes and plains are distributed, forming an asymmetric "horseshoe" terrain to the Northeast. The land resources in the territory are rich, the types of land are various, the surface of land is undulating and the geomorphologic type is mainly mountainous, the area of mountain (including highland area) accounts for 57.61% of the total land area of the whole province. Hunan has developed water systems, dense river networks, and wide lakes. The main rivers, Xiang, Zi, Yuan, Li (referred as "Sishui"), mostly for the south-north and southwest-northeast direction. Flowing from the surrounding mountains through the central basin and into the Dongting Lake to form a radial water system. Dongting Lake is the second largest fresh water lake in China, which accept "Sishui" and throughput the Yangtze River, and it is an important type of storage and discharge of lake in middle reaches of the Yangtze River. The territory is rich in animal and plant, mineral, tourism and other resources. It is famous for "hometown of fish and rice", "hometown of nonferrous metals", "hometown of non-metallic minerals" and "tourist resort". Rich land resources and its diversified distribution provide important material basis for the development and ecological construction of the province. Most of the provincial boundaries are located in the south of Dongting Lake. The Xiangjiang River, the largest river in the province, runs through the north and south of the province. It covers about 21.1836 million hectares, accounting for about 2.2% of the total land area of the whole country; the permanent population is about 68.22 million. In 2015, its GDP was 2.90472 trillion Yuan (RMB), and the per capita GDP reached 42968 Yuan (RMB), which ranked ninth and sixteenth in China respectively [47, 48] . In the field of ecological civilization construction, Hunan has been at the forefront of the country. In December 2007, Changsha-Zhuzhou-Xiangtan Urban Agglomeration in Hunan has been approved as a reform pilot area to build an "resource-saving and environment-friendly society", and it is expected to explore the new road of economic and social development coordinated with population, resources and environment. The green development index, published in December 2017, shows that the green development index of Hunan ranks eighth in the country. The "environmental quality index", "ecological protection index" and "growth quality index" of green development index rank among the top ten in China. Therefore, understanding about ecological sustainability of Hunan province is important for promoting of ecological civilization, economical development of resources, and environment-friendly society.
Methods and Materials

Methods
Three-Dimensional Ecological Footprint Model
The ecological footprint model is a method which tries to calculate the degree of human utilization of natural data and the function of life support services provided by nature to human beings. It calculates the required biologically productive land area of consumption of natural resources to maintain human survival and human waste, and compares it with the ecological carrying capacity of a given population area, which is to measure the condition of sustainable development of regional ecological environment and the degree of ecosystem security. According to the ecological footprint model, the material consumption of human activities needs the corresponding biologically productive land area to complete, and the biologically productive land area can always be related to a certain surface of the earth. Therefore, the land area based on the earth's surface can be used as a basic index to measure ecological capital, which is also the core idea of ecological footprint theory. Due to the difficulty of data collection, biologically productive land can be divided into six categories according to the difference of biological productivity and biomass species suitable for growth, that is, cropland, forestland, grazing land, fishing grounds, carbon uptake land (for the absorption of anthropogenic carbon dioxide emissions) and built-up land. In an ecosystem, all material cycles flow and transform in Sustainability 2018, 10, 4498 6 of 22 the form of energy. Therefore, in order to make the results comparable, Wackernagel, et al. [49] using the relative productive capacity of land to adjust the weight of the above six biological production areas with different ecological productivity, this weight is called "equivalence factor". The equivalence factor of cropland, forestland, grazing land, fishing ground, carbon dioxide and built-up land are 2.82, 1.14, 0.54, 0.22, 1.14 and 2.82, respectively. Therefore, the specific empirical formula for ecological footprint (EF) is as follows [45] :
where EF and ef stand for the total ecological footprint and the per capita ecological footprint respectively; N is the population; r i is the equivalence factor corresponds to the ith type of land; c ij is the per capita production of j item product on the ith type of land, and p n ij is the national average yield for product j on the ith type of land.
It is worth noting that p n ij in the Formula (1) is the national average productivity rather than the global average productivity, that is, it measures the average productivity of all biologically productive land within a country, including land and water. This is because the object of this study is Hunan province in central China. Based on the "National Hectare" model, the calculated results are more consistent with the actual situation of this study.
According to Equation (1), the ecological footprint is a function of population and per capita material consumption, and the ecological footprint is the sum of the biological production area (the demand for land) of each consumer commodity. Comparing with the area of biological production (land supply) provided by the research scope, it can provide a quantitative basis for judging whether the production and consumption activities in this area are within the carrying capacity of the ecosystem. For the latter, the biocapacity indicator is used to measure it in the literature [14] . The calculation formula of biocapacity indicator is as follows:
where BC and bc stand for the total biocapacity and the per capita biocapacity, respectively; w i is the yield factor corresponds to the ith type of land and it describes the difference between the productivity of a certain biologically productive land in a given region and the average productivity of the national land type [50] ; a i is the per capital biologically productive area of ith type of land; The definition of N and r i is the same as Formula (1). Different types of land have different yield factors. In this paper, the yield factors of different land types in China are calculated according to the ecological footprint account of the natural foundation of the world. The yield factor of cropland, forestland, grazing land, fishing ground, carbon dioxide and built-up land are 1.66, 0.91, 0.19, 1, 0, and 1.66 respectively. In addition, 88% (=1-12%) of the Formula (2) is derived from the use of all different lands for the provision of resources or the absorption of CO 2 for human beings, and a certain amount of land must be reserved for biodiversity conservation. According to the World Commission on Environment and Development (WCED), this ratio is set to 12%, that is, only 88% of the land is used to provide resources for human being.
The difference between Formula (2) and Formula (1) is often used to measure the ecological security of the region. If the difference is greater than 0, it means the ecological surplus (ES), which indicates that the ecological capacity of the evaluation region can support its human load, the income flow of natural capital in the region is larger than the demand flow of population consumption, and the total amount of regional natural capital may be increased. The ecological capacity of the region is expected to expand and the consumption pattern of the region is relatively sustainable. On the contrary, it is ecological deficit (ED), which indicates that the human load of the evaluation area exceeds its ecological capacity. To meet the consumption needs of its population under the current living Sustainability 2018, 10, 4498 7 of 22 standards, the region either imports resources from outside of the region to balance the ecological footprint, or consumes natural capital to make up for the lack of income supply flow. Both of these cases indicate that the regional development model is unsustainable.
Although the classical two-dimensional ecological footprint model recognizes the importance of natural capital in sustainable development, it does not distinguish between stock capital and flow capital. It cannot show the important role of stock capital remaining unchanged to maintain ecosystem balance. Niccolucci, Galli, Reed, Neri, Wackernagel and Bastianoni [44] extended the original two-dimensional model to a three-dimensional model by introducing the footprint depth and footprint size, which evaluates the ecological sustainability according to whether the stock capital is used or not rather than the absolute values of ecological footprint and ecological deficit.
Ecological footprint depth (EF depth ) refers to the extent of natural capital stocks are consumed in order to meet human needs. The formula is as follows:
For Formula (3), EF depth = 1 if EF ≤ BC; otherwise EF depth ≥ 1. This conclusion implies that the higher value of EF depth corresponding to the higher consumption of natural capital, thereby disadvantage to the sustainable development.
Additionally, it can be inferred that EF size = EF/EF depth [50] , which is the amount of natural capital flow occupied each year to meet the needs of human production and consumption. Because the consumption of capital flow could not reduce the natural capital, so 0 ≤ EF size ≤ BC. Compared with the two-dimensional model, the ecological footprint size in the three-dimensional model can represent the equity differences of resource consumption and ecological services between different regions in the same period. The ecological footprint depth in the three-dimensional model can represent the equity difference of resource consumption and ecological service between different periods in the same region, so that the comparability of ecological footprint in different regions and different periods can be enhanced.
Indicator System for Sustainability Based on Ecological Footprint
Because the simple ecological surplus or deficit cannot accurately reflect regional ecological sustainability, this paper introduced another two indices to evaluate the regional ecological sustainability. Firstly, we adopt the Shannon-Weaver formula to calculate the ecological footprint diversity index [51] . In ecology, the Shannon-Weaver diversity index is often used to estimate community diversity in ecosystem:
where H ef is the ecological footprint diversity index and P i is the proportion of the i-th land type in the total ecological footprint. From the above formula we can see that the ecological diversity index is composed by two parts: firstly, the proportion of six types of biologically productive land area represents the degree of equity. Secondly, the total area of biological production of all types of land represents the degree of affluence. The formula is not monotonous; when the proportion of land use of all types is the same (i.e., value = 1/6), H ef has the maximum value. The more balanced the distribution of biologically productive land area, the better the stability of different eco-economic system. Furthermore, we introduced the development capacity index based on the Ulanowicz method, which reflects the developmental status of the ecological economic system. The formula is as follow [51] :
where D ef is the development capacity index and ef is the per capita ecological footprint. According to Equation (5), improving the ecological footprint diversity is an efficient way to increase the development capacity.
Ecological Efficiency
The ecological footprint measures the demand for natural resources by economic activities. Similar to the GDP per unit of energy consumption, this section uses the GDP per unit of ecological footprint to measure ecological efficiency (EE), that is:
Furthermore, we adopted the concept of distance function to reveal the drive forces of ecological efficiency change. Considering produce output (y) can be produced by input (x), which can be denoted as T t = x t , y t x t can produce y t . Furthermore, the output distance function is defined as [52] :
The Formula (7) shows that the output distance function refers to the reciprocal of the multiple of the maximum expansion of output y given input x. Accordingly, the maximum output under the constraint of T t is y t max x t ; T t = y t /D t o x t , y t . Furthermore, we derive the decomposition formula of ecological efficiency change. We incorporate ecological footprint into the production function as a special input factor. That is
Y is the output and measured by GDP; K, L is the capital stock and labor input, respectively; EF is the total ecological footprint calculated by Formula (1). Data Envelopment Analysis (DEA) was proposed by Charnes and Cooper in 1978. It is a method to evaluate the efficiency of multiple decision units with multiple inputs and outputs. One of the methods is the Malmquist index, which is an effective method to measure the efficiency of multiple inputs and outputs. In recent years, it has been widely used in academia. Using the constant scale return assumption and Malmquist-DEA method, we can get:
where
refers to the ecological efficiency change, k = K/EF; l = L/EF; y = Y/EF; τ t is the frontier of (k, l, y) in t period, D t o (·) and D t−1 o (·) refers to a distance function with reference to the technical level of the t period and the t − 1 period.
The Formula (8) shows that the ecological efficiency change can be decomposed into the technical efficiency change (EFFCH), technical progress (TECH) and the substitution effect of input factors (INPSUB). The product of EFFCH and TECH is the change of total factor productivity (TFPCH). The change of factor substitution is the change of capital footprint ratio and labor footprint ratio; factor substitution growth means that capital footprint ratio and labor footprint ratio increase on average, that is, ecological capital is replaced by other factors. With the improvement of economic development level and the strengthening of people's awareness of environmental protection, the relative price of ecological capital will be higher and higher, so it tends to be replaced by other elements.
Generally speaking, the reasons of factor substitution are the industrial structure change and the change of factor relative price, etc. If the industrial structure tends to be resource-intensive, the ecological efficiency tends to decline; on the contrary, it tends to rise. The change of factors relative price not only affects the factor substitution by affecting industrial structure, but also directly affects the substitution of elements [53] . For example, the cheaper resources relative to labour prices would lead to more resources being used in economic activities (replacing labour with resources), which would have a negative impact on the improvement of ecological efficiency.
Materials
The calculation of ecological footprint requires detailed biological resources consumption and energy consumption. The consumption of biological resources is expressed by the crop yield of six types of biologically productive land area (Table 1) . Table 1 . Biological products and energy sources in Hunan related to the biologically productive land categories. Arable land is used for the cultivation of crops, and it provides a large number of agricultural products. Most of the arable land in Hunan is used to grow grain crops, such as cereals, corn and other staple foods, as well as beans, potato and other supplementary food. Also, a large part of the arable land is used to grow cash crops, such as peanuts, rapeseed, cotton and tobacco leaves. In Hunan, pork and poultry are mainly processed by grain or crops, so the biological production land of pork and poultry meat is classified as cultivated land and the other is grassland. In this paper, the meat except pork and poultry and its related consumption (beef and mutton, other meat) are grazing demand land. Forest mainly provides fruit, wood, tea, camellia seed and other cash crops. Hunan is located inland, thus we take the freshwater fishing and aquaculture production to count the water area and its output.
Land Categories Items of Biological Products and Energy Sources in Hunan
Carbon uptake land is used to account for the amount of land needed to absorb greenhouse emissions from human activities. The greenhouse emissions from fossil fuel consumption, whether it comes from local production or import, need to be absorbed by local forests. Therefore, the calculation of the ecological footprint of fossil energy accounts in this paper is based on consumption, that is, using the fossil energy consumption data instead of producing data to calculate the corresponding ecological footprint (it is also known as carbon dioxide footprint or carbon footprint). Built-up area includes residential land, water conservancy, transportation, industrial and mining land, because most of the built-up area is occupied by arable land, so the yield factor and equilibrium factor of built-up area are the same as arable land. Furthermore, we discuss the spatial distribution of ecological footprint in Hunan province based on the per capita ecological footprint. Figure 3 shows that the distribution pattern of the per capita ecological footprint in Hunan province. The high value areas of per capita ecological footprint are mainly distributed in the west and north of Hunan, while the low value areas are mainly in Xiangtan and Loudi of the central Hunan. Among them, the per capita ecological footprint of Huaihua is obviously higher than that of other cities, whose annual average is 1.61 NHA, followed by Yongzhou in southwest of Hunan, 1.34 NHA. The lowest per capita ecological footprint is Xiangtan with an annual average of 0.42 NHA, and the secondary lower is Loudi, 0.49 NHA. According to the spatial distribution difference, the annual average of per capita ecological footprint in Huaihua is 3.83 times that of Xiangtan. 
Results and Discussion
Temporal and Spatial Variations in the Ecological Footprints in Hunan
Evolution of Ecological Sustainability in Hunan
Temporal and Spatial Variations in Ecological Capacity in Hunan
The ecological carrying capacity of Hunan can be obtained according to the Formula (2). The As for components of ecological footprint, forest is the main contribution source of Hunan's ecological footprint, and its annual contribution rate is 57.1%, but it decreases in recent years; especially in 2014-2015, the ecological footprint of forest decreased by 16.4% or from 3786.92 × 10 4 NHA to 3164.86 × 10 4 NHA. In addition, the other two main sources of ecological footprint are arable land and build-up land. The ecological footprint of arable land accounts for about 20% of the total ecological footprint, and its amount is maintained at about 1400 × 10 4 NHA. During the sample period, the ecological footprint of build-up land increased significantly, increasing from 263.47 × All cities in Shandong Province featured varying degrees of ecological deficits, and ecological development was unsustainable in 2010-2015 [54] . Because Shandong is the main grain-producing area in China, and the energy footprint indicates that mineral resource consumption occupies a larger proportion of capital stock consumption [55] . The ecological footprint assessment of a typical ecologically sensitive area in the southern Qin Ling piedmont of Shaanxi indicated that the per capita biological capacity remained stable at 2.100 ha/cap and that the per capita ecological footprint increased, with fluctuations between 1.359 ha/cap and 2.239 ha/cap. The main factors driving the ecological footprint size are commonly used arable land, the per capita disposable income of urban residents, and the primary industry output value [50] . Six cities in Poyang Lake basin of Jiangxi Province have low efficiency of ecological energy utilization, low level of overall productivity and low scientific and technological content of economic growth, which are the main reasons leading to the increase of ecological footprint of these cities year by year [7] . Different from the studies about other provinces in China, the ecological footprint of carbon uptake land in Hunan is relatively small and the trend is decreasing slowly. In recent years, it has fluctuated around 503 × 10 4 NHA. Here are two reasons: firstly, the carbon dioxide emissions of Hunan only accounts for about 3% of China, indicating that the demand for carbon uptake land in Hunan is relatively small compared with the national average demand for carbon uptake land. Therefore, the absolute ecological footprint of carbon uptake land calculated based on the Formula (1) is relatively small. Secondly, Hunan actively promotes low-carbon development. For example, as an energy-intensive sectors, the industrial added value of Hunan increased by 1.76 times in 2011-2015, but the absolute amount of industrial comprehensive energy consumption decreased by 684.3 ten thousand tons of standard coal, as a result, energy intensity of Hunan's industry sector decreased by 46.2% in 2011-2015 . This is mainly due to the promotion of green and low-carbon industrial development in Hunan under the green development concept. In recent years, industrial growth has been "decoupled" from CO 2 emissions, with rapid industrial development and a decrease in total industrial energy consumption. However, the total amount of carbon emissions has not significantly increased (or even decreased), and the energy intensity, one of the major contributors to industrial carbon emissions, has also decreased.
In addition, Figure 2 shows that the ecological footprint of grazing land and water bodies is relatively small. The ecological footprint of grazing land decreased overall, but increased in 2007-2008 and 2012, and finally stabilized around 144 × 10 4 NHA, and the ecological footprint of water bodies basically stabilized at 30 × 10 4 NHA. However, there was a sudden increase in 2014, which may be related to the rapid increase in the output of aquatic products in Changsha.
Furthermore, we discuss the spatial distribution of ecological footprint in Hunan province based on the per capita ecological footprint. Figure 3 shows that the distribution pattern of the per capita ecological footprint in Hunan province. The high value areas of per capita ecological footprint are mainly distributed in the west and north of Hunan, while the low value areas are mainly in Xiangtan and Loudi of the central Hunan. Among them, the per capita ecological footprint of Huaihua is obviously higher than that of other cities, whose annual average is 1.61 NHA, followed by Yongzhou in southwest of Hunan, 1.34 NHA. The lowest per capita ecological footprint is Xiangtan with an annual average of 0.42 NHA, and the secondary lower is Loudi, 0.49 NHA. According to the spatial distribution difference, the annual average of per capita ecological footprint in Huaihua is 3.83 times that of Xiangtan. Furthermore, we discuss the spatial distribution of ecological footprint in Hunan province based on the per capita ecological footprint. Figure 3 shows that the distribution pattern of the per capita ecological footprint in Hunan province. The high value areas of per capita ecological footprint are mainly distributed in the west and north of Hunan, while the low value areas are mainly in Xiangtan and Loudi of the central Hunan. Among them, the per capita ecological footprint of Huaihua is obviously higher than that of other cities, whose annual average is 1.61 NHA, followed by Yongzhou in southwest of Hunan, 1.34 NHA. The lowest per capita ecological footprint is Xiangtan with an annual average of 0.42 NHA, and the secondary lower is Loudi, 0.49 NHA. According to the spatial distribution difference, the annual average of per capita ecological footprint in Huaihua is 3.83 times that of Xiangtan. 
Evolution of Ecological Sustainability in Hunan
Temporal and Spatial Variations in Ecological Capacity in Hunan
The ecological carrying capacity of Hunan can be obtained according to the Formula (2). The results show that the ecological carrying capacity of Hunan Province remains basically stable during the sample period ( Figure A1 in the Appendix A). Among them, the ecological carrying capacity of arable land is the highest, with the total ecological carrying capacity is about 1859.6 × 10 4 NHA, 
Evolution of Ecological Sustainability in Hunan
Temporal and Spatial Variations in Ecological Capacity in Hunan
The ecological carrying capacity of Hunan can be obtained according to the Formula (2). The results show that the ecological carrying capacity of Hunan Province remains basically stable during the sample period ( Figure A1 in the Appendix A). Among them, the ecological carrying capacity of arable land is the highest, with the total ecological carrying capacity is about 1859.6 × 10 4 NHA, which accounts for 49.3% of the total ecological carrying capacity in Hunan. Followed by forest and build-up land, and the total ecological carrying capacity of forest land is basically stable at 1183.8 × 10 4 NHA, which accounting for about 31.4%. During the sample period, the ecological carrying capacity of build-up land increased from 693.37 × 10 4 NHA to 759.96 × 10 4 NHA, in 2015. In addition, the ecological carrying capacity of grazing land and water body was very small, accounting for only about 0.1% of the total ecological carrying capacity in Hunan. The per capita ecological carrying capacity of Hunan increased from 0.585 NHA in 2005 to the maximum (0.611 NHA) in 2010, and then decreased to 0.598 NHA in 2015.
Furthermore, the per capita ecological carrying capacity of Hunan also presents a distribution pattern of "high in surround, low in the central" (Figure 2 ). The high value areas of per capita ecological carrying capacity are mainly distributed in Zhangjiajie and Xiangxi prefectures of western Hunan, and the annual mean value is 0.9 NHA and 0.85 NHA, respectively, and the lowest value of per capita ecological carrying capacity is Changsha whose annual average is 0.38 NHA. Figure 4 shows that the per capita ecological footprint of Hunan Province was always larger than the per capita ecological carrying capacity in 2005-2015, which means that Hunan Province has been in a state of ecological deficit, and natural capital flows are not sufficient to support the expanding consumption demand, so it need to consume the stock of ecological capital to maintain our own development. The larger the ecological deficit (the difference between the ecological footprint and the ecological carrying capacity), the greater the ecological pressure. Such a development model is unsustainable for Hunan Province, it needs to improve the mode of economic development to ease the pressure on the ecological environment. Regional population size and the amount of energy consumed should be rationally controlled, and optimize the energy consumption structure is the improvements in the capacity for regional sustainable development of Shandong Province [55] . Furthermore, the per capita ecological carrying capacity of Hunan also presents a distribution pattern of "high in surround, low in the central" (Figure 2 ). The high value areas of per capita ecological carrying capacity are mainly distributed in Zhangjiajie and Xiangxi prefectures of western Hunan, and the annual mean value is 0.9 NHA and 0.85 NHA, respectively, and the lowest value of per capita ecological carrying capacity is Changsha whose annual average is 0.38 NHA. Figure 4 shows that the per capita ecological footprint of Hunan Province was always larger than the per capita ecological carrying capacity in 2005-2015, which means that Hunan Province has been in a state of ecological deficit, and natural capital flows are not sufficient to support the expanding consumption demand, so it need to consume the stock of ecological capital to maintain our own development. The larger the ecological deficit (the difference between the ecological footprint and the ecological carrying capacity), the greater the ecological pressure. Such a development model is unsustainable for Hunan Province, it needs to improve the mode of economic development to ease the pressure on the ecological environment. Regional population size and the amount of energy consumed should be rationally controlled, and optimize the energy consumption structure is the improvements in the capacity for regional sustainable development of Shandong In addition, during the sample period, the ecological footprint depth of Hunan has always been greater than 1, which also supports the conclusion that Hunan is always in ecological deficit. depth of Hunan has always been greater than 1, which also supports the conclusion that Hunan is always in ecological deficit. depth of Hunan has always been greater than 1, which also supports the conclusion that Hunan is always in ecological deficit. From the view of spatial distribution (Figure 6 ), the ecological footprint depth of different cities (states) is different. The high value areas of the per capita footprint depth are mainly distributed in Yiyang, Yongzhou, and Hengyang, with the annual mean values of 2.44, 2.04, and 2.02, respectively. In addition, the per capita footprint depth of Xiangtan, Zhangjiajie, and Loudi is close to 1. The ecological footprint size of cities (prefectures) presents a distribution pattern of "higher in central and lower in surround". The high value areas of the per capita footprint size are mainly in the western Hunan region, among which, the annual average value of Zhangjiajie is the highest (0.89 NHA). The low value area of per capita footprint is mainly in Changsha, Xiangtan, and Loudi of central Hunan. 
Analysis of Ecological Footprint Depth and Ecological Footprint Size
Analysis of Ecological Footprint Diversity Index and Development Capacity Index
To assess regional ecological sustainability, we calculated the ecological footprint diversity index and the development capacity index. The results are shown in Tables 2 and 3 . Table 2 shows that, except Xiangxi and Huaihua, the ecological footprint diversity index of all prefectural cities in Hunan is more than 1, which indicates that the stability of ecological system of all prefectural cities in Hunan is preferable. The ecological footprint diversity index of Changsha and Loudi is the highest, and the annual average is 1.27, which is at a relatively high level. The ecological footprint diversity index of Changsha and Loudi in 2005-2015 was greater than 1, and its distribution was between 1.18~1.45 and 1.09~1.40, which indicates that the distribution of ecological footprint among different types of biological productivity land in Changsha and Loudi are more uniform, and the stability of the ecosystem is also the best, compared with other cities (states). It is worth noting that the annual average of ecological footprint diversity index of Xiangxi and Huaihua is 0.76 and 0.88, respectively. Investigating its cause, the proportion of the hydropower ecological footprint of Huaihua is too large, the proportion is more than 54%, and the proportion of forest ecological footprint of Xiangxi is too large, with its proportion is more than 54%.
The trend shows that the ecological footprint diversity index of most cities increased from 2005 to 2015, indicating that the coordination between urban economic development and ecological environment is gradually improving. However, the diversity index of Huaihua declined obviously, which indicated that its economic development has caused certain damage to the ecological environment, and it is necessary to develop the economy under the premise of protecting the ecological environment well. The ecological footprint diversity index of Xiangxi Autonomous Prefecture is relatively low, but it has been relatively stable all the time. This is closely related to the fact that it is a fragile ecological region and a key ecological functional area of the country. The forest is developed while other ecologically productive land is restricted, thus the trend of ecological footprint is stable.
The eco-economic development capacity index calculated based on the Formula (5) is a favorable index to reflect the development of regional eco-economic system. Table 3 shows that the level of eco-economic development capacity of all prefecture-level cities in Hunan is relatively low, and the highest is Yongzhou whose average development ability index is 1.50 NHA. The lowest is Xiangtan whose average development ability index is only 0.49 NHA, which may be related to the old industrial base of Xiangtan and its weak system reform. In addition, the development capacity index of most cities showed an upward trend in 2005-2015. This shows that the ecological and economic development of the region is gradually improving.
Analysis of the Ecological Efficiency in Hunan
The ecological efficiency of Hunan is calculated by using the Formula (6), and the results are shown in Figure 7 . It shows that the ecological efficiency is improving continuously, and its value is increased from 1.591 × 10 5 Yuan/NHA (GDP is calculated by constant price in 2005) to 5.456 × 10 5 Yuan/NHA, with an average annual growth rate of 13.12%. Table 4 shows that the ecological efficiency of each city is difference. The regions with high ecological efficiency are mainly concentrated in Changsha-Zhuzhou-Xiangtan urban agglomeration and its surrounding cities. Changsha is observed the highest ecological efficiency (6.51), while Huaihua is the lowest (0.70). Thus, the annual average of ecological efficiency in Changsha is 9.3 times higher than that in Huaihua. For the growth rate of ecological efficiency, five cities (Changsha, Zhuzhou, Yueyang, Loudi, and Xiangxi) increase year by year; Xiangtan, Shaoyang, Changde, and Huaihua increase first and then decrease; Hengyang decreases gradually; Yiyang decreases first and then increases.
The ecological efficiency of Hunan is calculated by using the Formula (6), and the results are shown in Figure 7 . It shows that the ecological efficiency is improving continuously, and its value is increased from 1.591×10 5 Yuan/NHA (GDP is calculated by constant price in 2005) to 5.456×10 5 Yuan/NHA, with an average annual growth rate of 13.12%. Table 4 shows that the ecological efficiency of each city is difference. The regions with high ecological efficiency are mainly concentrated in Changsha-Zhuzhou-Xiangtan urban agglomeration and its surrounding cities. Changsha is observed the highest ecological efficiency (6.51), while Huaihua is the lowest (0.70). Thus, the annual average of ecological efficiency in Changsha is 9.3 times higher than that in Huaihua. For the growth rate of ecological efficiency, five cities (Changsha, Zhuzhou, Yueyang, Loudi, and Xiangxi) increase year by year; Xiangtan, Shaoyang, Changde, and Huaihua increase first and then decrease; Hengyang decreases gradually; Yiyang decreases first and then increases. Furthermore, using Formula (8), the change of ecological efficiency can be decomposed into two parts: the change of total factor productivity and the change of factor substitution, and the former is equal to the technological progress change multiply by the technological efficiency change. The ecological footprint (EF) has been calculated. The capital stock (K) is calculated by the method of perpetual inventory (the unit is 100 million yuan which calculated at the constant price on 2005); the labor input (L) is the number of employees (tens of thousands of people). The results of decomposition are shown in Figure 8 .
As shown in Figure 8a , during the sample period, the factor substitution rate is always positive, indicating that the ecological capital is replaced by labor and capital stock, or people tend to economize ecological capital to develop economy, which helps to improve ecological efficiency. Furthermore, the change of factor substitution rate is greater than that of total factor productivity. In other words, the improvement of ecological efficiency is mainly due to the improvement of factor substitution rate, which also shows that the fluctuation trend of factor substitution rate is basically consistent with that of ecological efficiency ( Figure 7) . It is worth noting that the factor substitution rate showed a rapid downward trend from 2009 to 2013. The main reason is that in order to cope with the financial crisis in 2008, Hunan adopted measures to cope with large-scale investment, which led to a resource-intensive industrial structure. To some extent, it has worsened the change of element substitution and hindered the improvement of ecological efficiency. 
Conclusions
Hunan is an important experimental area for the construction of ecological civilization in China, and its green development index ranks the forefront in the country. Based on the three-dimensional ecological model, this paper adopts ecological footprint, ecological carrying capacity, ecological footprint depth and size, ecological diversity index, eco-economy development capacity index, and the GDP in per unit ecological footprint (ecological efficiency) to comprehensively measure and evaluate the ecological sustainable development of Hunan from 2005 to 2015. The main conclusions of this paper are as follows:
1. The total ecological footprint of Hunan fluctuant increased from 2005 to 2015, and the ecological footprint of forest land accounted for 57.1% of the total ecological footprint; arable land and construction land are also important contributors to the ecological footprint of Hunan. The proportion of carbon footprint is small and shows a slow downward trend. This is mainly due to the fact that the carbon dioxide emissions of Hunan are smaller than the national average, and Hunan is actively promoting the development of low-carbon industries. Additionally, the ecological carrying capacity of Hunan remained basically stable in 2005-2015. The per capita ecological footprint size and depth increased first then decreased, and the ecological footprint depth is always greater than 1. Based on the above analysis, Hunan has been in a state of C h a n g s h a Z h u z h o u X i a n g t a n H e n g y a n g S h a o y a n g Y u e y a n g C h a n g d e Z h a n g j i a j i e Y i y a n g Figure 8b shows the average annual change in total factor productivity and factor substitution rate in each city from 2005 to 2015. Obviously, the change in factor substitution rate is the main reason for the improvement of ecological efficiency in most cities. However, the improvement of ecological efficiency in Changde, Zhangjiajie, and Yiyang is mainly due to the increase in total factor productivity.
1.
The total ecological footprint of Hunan fluctuant increased from 2005 to 2015, and the ecological footprint of forest land accounted for 57.1% of the total ecological footprint; arable land and construction land are also important contributors to the ecological footprint of Hunan. The proportion of carbon footprint is small and shows a slow downward trend. This is mainly due to the fact that the carbon dioxide emissions of Hunan are smaller than the national average, and Hunan is actively promoting the development of low-carbon industries. Additionally, the ecological carrying capacity of Hunan remained basically stable in 2005-2015. The per capita ecological footprint size and depth increased first then decreased, and the ecological footprint depth is always greater than 1. Based on the above analysis, Hunan has been in a state of ecological deficit, and natural capital flow is not sufficient to meet consumption demand. In other words, ecological capital stock needs to be consumed to maintain development.
2.
The ecological footprint diversity index of most prefecture-level cities in Hunan shows an upward trend and is greater than 1, indicating that the coordination between economic development and ecological environment in Hunan has gradually improved, and the ecosystem is stable. Because the composition of ecological footprint in Huaihua and Xiangxi is unbalanced and the proportion of forest land and hydropower is too high, so the ecological footprint diversity index is lower than 1. The result of ecological economy development capacity shows that the level of ecological economy development ability of prefecture-level cities is low but present an improvement tendency.
3.
From the perspective of spatial distribution, the per capita ecological footprint of Hunan shows a pattern of "high in surround, low in the central". The high value areas are mainly distributed in western Hunan and northern Hunan, and the low value areas are mainly distributed in central Hunan such as Xiangtan and Loudi. The distribution patterns of per capita ecological carrying capacity and per capita ecological footprint are similar, which is related to the stable distribution of arable land in Hunan.
4.
The ecological efficiency of Hunan increases with an average rate of 13.12% annually, but there are obvious differences among prefecture-level cities. The regions with high ecological efficiency are mainly Changsha-Zhuzhou-Xiangtan urban agglomeration and its surrounding areas, and the regions with low ecological efficiency are mainly distributed in western Hunan. It is found that the main reason for the improvement of ecological efficiency of Hunan is the improvement of the factor substitution rate, that is, the ecological capital is replaced by the capital stock and labor input. 
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